A waveguide-to-microstrip transition is an essential component for packaging integrated circuits (ICs) in rectangular waveguides, especially at millimeter-wave and terahertz (THz) frequencies. At THz frequencies, the on-chip transitions, which are monolithically integrated in ICs are preferred to off-chip transitions, as the former can eliminate the wire-bonding process, which can cause severe impedance mismatch and additional insertion loss of the transitions. Therefore, on-chip transitions can allow the production of low cost and repeatable THz modules. However, on-chip transitions show limited performance in insertion loss and bandwidth, more seriously, this is an in-band resonance issue. These problems are mainly caused by the substrate used in the THz ICs, such as an indium phosphide (InP), which exhibits a high dielectric constant, high dielectric loss, and high thickness, compared with the size of THz waveguides. In this work, we propose a broadband THz on-chip transition using a dipole antenna with an integrated balun in the InP substrate. The transition is designed using three-dimensional electromagnetic (EM) simulations based on the equivalent circuit model. We show that in-band resonances can be induced within the InP substrate and also prove that backside vias can effectively eliminate these resonances. Measurement of the fabricated on-chip transition in 250 nm InP heterojunction bipolar transistor (HBT) technology, shows wideband impedance match and low insertion loss at H-band frequencies (220-320 GHz), without in-band resonances, due to the properly placed backside vias.
Introduction
The terahertz (THz) wave is generally referred to as the frequency band from 0.1 THz to 10 THz, corresponding to the wavelength in air from 3 mm to 0.03 mm [1] . This frequency band is often called a THz gap, because it has been known to be difficult to generate and detect signals at this frequency band using electronic or optical technologies. Recently, there has been extensive research on THz applications in various fields, such as high-speed communications, non-destructive inspections, spectroscopy, and medical imaging [2] [3] [4] . THz monolithic integrated circuits (TMICs), such as power amplifiers, multipliers, mixers, and antennas, have been successfully developed using advanced transistor technologies, such as a complementary metal oxide semiconductor (CMOS), gallium arsenide (GaAs) high-electron mobility transistors (HEMTs), and indium phosphide (InP) heterojunction bipolar transistors (HBTs) [5] [6] [7] [8] [9] [10] . These semiconductor-based technologies allow the production of low-cost, compact, portable, and mass-producible THz systems.
In order to build practical THz systems, it is essential to package the developed TMICs into waveguide modules. Especially rectangular waveguides that are well-suited for THz transmission lines, as they allow low loss and easy fabrication compared with the coaxial cables. There can exist many electromagnetic (EM) modes in rectangular waveguides, the dominant mode with lowest cut-off frequency being a transverse electric (TE 10 ) mode. However, TMICs are microstrip line through CPS line. The ground plane of the microstrip and the metallic pedestal underneath support the transition substrate to operate as a reflector of the dipole antenna. The signals on CPS are then converted to the quasi-TEM of the microstrip line, due to the CPS-to-microstrip transition, which performs the function of the balun, as well as converting differential signals to single-ended signals [20, 21] . The transition in Figure 1 can be modeled as its equivalent circuit as shown in Figure 2 [20] . The coupling between CPS and microstrip line is represented by an ideal transformer with an impedance transformation ratio of 1:n 2 . The length of the CPS line (Ls), or the distance between radiator and reflector, is generally determined to be around 0.2× the guided wavelength. According to the design theory of the dipole antenna [22] , so that Zsc is expected to provide a high impedance (or open in an ideal case). The microstrip open stub is approximately a quarter-wave long and provides a short circuit to one terminal of the transformer. In this way, the CPS-to-microstrip line provides a function of balun (converting the balanced signal in CPS to an unbalanced one in the microstrip line). The 
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Dipole radiator Figure 1b shows the proposed H-band waveguide-to-microstrip transition on the InP substrate using the dipole antenna, which allows for a compact size, simple structure, broad bandwidth characteristics, and alignment of input and output waveguide ports. A detailed layout of the transition is described in Figure 1c , consisting of a dipole radiator, coplanar-strip (CPS) line, reflector, balun, and microstrip line. The rectangular waveguide (WR-03 at H-band) operates at its dominant mode (TE 10 ), presenting electric field intensity parallel to the E-plane of the waveguide [19] . Its EM fields are captured by the dipole radiator (approximately a half-wave long) inducing a differential signal across CPS. The dipole radiator is designed on M3 and connected to the ground plane of microstrip line through CPS line. The ground plane of the microstrip and the metallic pedestal underneath support the transition substrate to operate as a reflector of the dipole antenna. The signals on CPS are then converted to the quasi-TEM of the microstrip line, due to the CPS-to-microstrip transition, which performs the function of the balun, as well as converting differential signals to single-ended signals [20, 21] .
The transition in Figure 1 can be modeled as its equivalent circuit as shown in Figure 2 [20] . The coupling between CPS and microstrip line is represented by an ideal transformer with an impedance transformation ratio of 1:n 2 . The length of the CPS line (L s ), or the distance between radiator and reflector, is generally determined to be around 0.2× the guided wavelength. According to the design theory of the dipole antenna [22] , so that Z sc is expected to provide a high impedance (or open in an ideal case). The microstrip open stub is approximately a quarter-wave long and provides a short circuit to one terminal of the transformer. In this way, the CPS-to-microstrip line provides a function of balun (converting the balanced signal in CPS to an unbalanced one in the microstrip line). The impedances indicated in Figure 2 at each point can be calculated using the transmission line theories as follows [19] .
The properties of transmission lines are represented by characteristic impedances (Z s or Z m ), propagation constants (β s or β m ), and lengths (L s or L m ). The subscript s and m represent CPS and microstrip line, respectively. Based on the equivalent circuit model, the dimensions of the transition are mainly determined from the 3-D EM simulation using Ansoft HFSS. Firstly, the simulation is performed on the transition without M1 signal lines to determine the dimensions of the dipole radiator (Wd and Ld), CPS (Ws, Ss, Ls1), and the distance of the dipole radiator from the reflector (Ls). In this simulation, the waveguide is set to port 1 and a differential 50 Ω port 2 is set up across two strips at the distance of Ls1 from the dipole radiator, as illustrated in Figure 2 . The latter node is referred to as a feed point of the dipole antenna. The dimensions are then determined from the EM simulation to provide low insertion loss (10log|S21| 2 ) and good impedance match or return loss (−10log|S11|). Figure 3 shows the simulation results of this structure using the determined dimensions given in Table 1 , exhibiting insertion loss of 0.54 dB and return loss greater than 15 dB at 280 GHz. Figure 4 shows the simulated Zt1 (impedance at the feed point), indicating that the dipole antenna was properly designed, allowing a broadband impedance match. 
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Next, we place a microstrip signal line in M1 above the feed point and extend it along the CPS. Following the above procedures, we determine all the dimensions of the transition, which are listed in Table 1 . Figure 4 shows the simulation results of the designed waveguide-to-microstrip transition (not back-to-back but single transition). Note that in this simulation, input and output ports are waveguide and microstrip, respectively. The designed transition shows insertion loss less than 1.5 dB and return loss greater than 10 dB between 240 and 312 GHz. 
Resonance Problems of the On-Chip Transition
In Section 2, we designed the single on-chip transition with a short microstrip section as shown in Figure 2 . However, TMICs need long microstrip lines for interconnection and impedance matching, which can occupy a large InP area. In addition, they usually require transitions at both input and output, when they are packaged as waveguide modules. Considering this situation, we construct back-to-back connected transitions with a 352 μm-long 50 Ω microstrip line, which resides on the metallic pedestal, as shown in Figure 5a . This 50 Ω microstrip line will be replaced with TMICs. Following the above procedures, we determine all the dimensions of the transition, which are listed in Table 1 . Figure 4 shows the simulation results of the designed waveguide-to-microstrip transition (not back-to-back but single transition). Note that in this simulation, input and output ports Electronics 2018, 7, 236 6 of 12 are waveguide and microstrip, respectively. The designed transition shows insertion loss less than 1.5 dB and return loss greater than 10 dB between 240 and 312 GHz.
In Section 2, we designed the single on-chip transition with a short microstrip section as shown in Figure 2 . However, TMICs need long microstrip lines for interconnection and impedance matching, which can occupy a large InP area. In addition, they usually require transitions at both input and output, when they are packaged as waveguide modules. Considering this situation, we construct back-to-back connected transitions with a 352 µm-long 50 Ω microstrip line, which resides on the metallic pedestal, as shown in Figure 5a . This 50 Ω microstrip line will be replaced with TMICs. 
In Section 2, we designed the single on-chip transition with a short microstrip section as shown in Figure 2 . However, TMICs need long microstrip lines for interconnection and impedance matching, which can occupy a large InP area. In addition, they usually require transitions at both input and output, when they are packaged as waveguide modules. Considering this situation, we construct back-to-back connected transitions with a 352 μm-long 50 Ω microstrip line, which resides on the metallic pedestal, as shown in Figure 5a . This 50 Ω microstrip line will be replaced with TMICs. Table 1 were also used in this simulation. Figure 6a demonstrates that the performance of the transition can be severely degraded by simply connecting two transitions in the back-to-back configuration, due to several in-band resonances at 272, 289, and 310 GHz. Note that most of these were not found in the simulation results of the single transition ( Figure 4 ). Figure 6b shows the magnitude of electric field intensity in the middle plane of InP substrate at each resonance frequency. These plots illustrate that EM energies are confined in the InP substrate at resonant frequencies, so we can claim that the resonances are related to the dielectric slab. This InP slab is covered with M3 and backside ground planes on the top and bottom, respectively, and waveguide side walls on the upper and lower sides, as shown in Figure 5b . That is, the dielectric slab is covered with metals except for the left and right side walls, and can therefore be viewed as a dielectric-filled rectangular waveguide with reduced height. This may result in several resonant
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Frequency (GHz) Table 1 were also used in this simulation. Figure 6a demonstrates that the performance of the transition can be severely degraded by simply connecting two transitions in the back-to-back configuration, due to several in-band resonances at 272, 289, and 310 GHz. Note that most of these were not found in the simulation results of the single transition ( Figure 4) . Figure 6b shows the magnitude of electric field intensity in the middle plane of InP substrate at each resonance frequency. These plots illustrate that EM energies are confined in the InP substrate at resonant frequencies, so we can claim that the resonances are related to the dielectric slab. This InP slab is covered with M3 and backside ground planes on the top and bottom, respectively, and waveguide side walls on the upper and lower sides, as shown in Figure 5b . That is, the dielectric slab is covered with metals except for the left and right side walls, and can therefore be viewed as a dielectric-filled rectangular waveguide with reduced height. This may result in several resonant frequencies depending on a, b, and d, which are the width, height, and length of the dielectric-filled rectangular waveguide, as designated in Figure 5b .
These in-band resonances should be removed so that they do not degrade the performance of TMICs modules when the TMICs are packaged using the transitions. In this work, we utilize the backside vias connecting M3 and backside ground planes to remove the resonances in the dielectric slab. For example, if four backside vias are placed in the dielectric slab as shown in Figure 7a , almost all of the in-band resonances shown in Figure 6 are eliminated, as shown in Figure 7b . This result indicates that the backside vias can suppress the resonances by electrically shorting the fields in the dielectric-filled waveguide. However, there is still a resonance at 273 GHz. This seems to be caused by a rectangular cavity as indicated in Figure 7a , consisting of four backside vias serving as shorting posts of the dielectric-filled waveguide. The resonant frequency of the rectangular cavity filled with a dielectric can be calculated using Equation (6) [23] . where µ and ε denote the permeability and permittivity of the dielectric. There can exist a number of resonance modes depending on the integer values of m, n, and p. Electric field distribution at resonant frequency is plotted in Figure 7a , which is similar to that of TE 101 mode (which is a dominant mode in this structure). The four vias are placed apart by 120 and 200 µm in x-and z-axis directions, respectively, which creates the rectangular cavity with a = 430 µm, b = 79.8 µm, and d = 160 µm (with the via diameter considered). The resonant frequency can be calculated to be 278 GHz from Equation (6), which is very close to the simulation result in Figure 7 . These in-band resonances should be removed so that they do not degrade the performance of TMICs modules when the TMICs are packaged using the transitions. In this work, we utilize the backside vias connecting M3 and backside ground planes to remove the resonances in the dielectric slab. For example, if four backside vias are placed in the dielectric slab as shown in Figure 7a , almost all of the in-band resonances shown in Figure 6 are eliminated, as shown in Figure 7b . This result indicates that the backside vias can suppress the resonances by electrically shorting the fields in the dielectric-filled waveguide. However, there is still a resonance at 273 GHz. This seems to be caused by a rectangular cavity as indicated in Figure 7a , consisting of four backside vias serving as shorting posts of the dielectric-filled waveguide. The resonant frequency of the rectangular cavity filled with a dielectric can be calculated using Equation (6) [23] .
where μ and ε denote the permeability and permittivity of the dielectric. There can exist a number of resonance modes depending on the integer values of m, n, and p. Electric field distribution at resonant In order to remove all of the resonances, the vias should be placed such that the TE 101 mode resonant frequency of the cavity exceeds the upper-edge of the H-band. A cavity with a = d = 185 µm and b = 79.8 µm exhibits the resonance frequency of 319 GHz according to Equation (6) . This implies that there will be no in-band resonance if the vias are placed such that the cavity size (a and d) is smaller than 185 µm. Figure 8a shows the final design of the back-to-back on-chip transition with six backside vias placed properly, such that there is no in-band resonance (with the respective spacing of vias of 120 and 100 µm in x-and z-directions). Typical DC bias and ground pads of TMICs are also included in the layout. The metallic pedestal is drawn to have rounded corners considering the limitation of mechanical machining. Figure 8b shows the simulation results of the final design of the on-chip dipole transition. It shows a back-to-back insertion loss less than 3.0 dB and return loss greater than 8 dB without the resonances from 231 GHz to 314 GHz. There is a small resonance at 318 GHz, which is generated in the space between the dipole radiator and the metallic pedestal, as shown in Figure 8a . The distance between the radiator and reflector can be adjusted to remove this resonance, however this will lead to significant performance degradation of the dipole antenna.
frequency is plotted in Figure 7a , which is similar to that of TE101 mode (which is a dominant mode in this structure). The four vias are placed apart by 120 and 200 μm in x-and z-axis directions, respectively, which creates the rectangular cavity with a = 430 μm, b = 79.8 μm, and d = 160 μm (with the via diameter considered). The resonant frequency can be calculated to be 278 GHz from Equation (6), which is very close to the simulation result in Figure 7 .
In order to remove all of the resonances, the vias should be placed such that the TE101 mode resonant frequency of the cavity exceeds the upper-edge of the H-band. A cavity with a = d = 185 μm and b = 79.8 μm exhibits the resonance frequency of 319 GHz according to Equation (6) . This implies that there will be no in-band resonance if the vias are placed such that the cavity size (a and d) is smaller than 185 μm. Figure 8a shows the final design of the back-to-back on-chip transition with six backside vias placed properly, such that there is no in-band resonance (with the respective spacing of vias of 120 and 100 μm in x-and z-directions). Typical DC bias and ground pads of TMICs are also included in the layout. The metallic pedestal is drawn to have rounded corners considering the limitation of mechanical machining. Figure 8b shows the simulation results of the final design of the on-chip dipole transition. It shows a back-to-back insertion loss less than 3.0 dB and return loss greater than 8 dB without the resonances from 231 GHz to 314 GHz. There is a small resonance at 318 GHz, which is generated in the space between the dipole radiator and the metallic pedestal, as shown in Figure  8a . The distance between the radiator and reflector can be adjusted to remove this resonance, however this will lead to significant performance degradation of the dipole antenna. In the above simulations of the back-to-back transition, there is a small difference between S 11 and S 22 . This is because, despite the structure being symmetric, the generated meshes from the EM simulator may not be. Note that the field distribution is time-varying and was captured at the time when the resonant field was obviously observed in the simulation. In the above simulations of the back-to-back transition, there is a small difference between S11 and S22. This is because, despite the structure being symmetric, the generated meshes from the EM simulator may not be. Note that the field distribution is time-varying and was captured at the time when the resonant field was obviously observed in the simulation. Figure 9a shows the photograph of the fabricated on-chip transition using the 250 nm InP HBT process from Teledyne Technologies (Thousand Oaks, CA, USA). The dipole antennas are fabricated in M3 and the microstrip signal line in M1, under the M3 ground plane. The transition substrate is mounted on the metallic pedestal using a conductive epoxy inside the WR-03 rectangular waveguide, which consists of two split-metallic blocks, as shown in Figure 9b Figure 9a shows the photograph of the fabricated on-chip transition using the 250 nm InP HBT process from Teledyne Technologies (Thousand Oaks, CA, USA). The dipole antennas are fabricated in M3 and the microstrip signal line in M1, under the M3 ground plane. The transition substrate is mounted on the metallic pedestal using a conductive epoxy inside the WR-03 rectangular waveguide, which consists of two split-metallic blocks, as shown in Figure 9b . The size of the module is 3.0 cm × 3.0 cm × 3.0 cm. In order to estimate the loss of the rectangular waveguide itself at H-band, a 3 cm-long straight (through) waveguide was also fabricated and measured.
Experimental Results

when the resonant field was obviously observed in the simulation. Figure 9a shows the photograph of the fabricated on-chip transition using the 250 nm InP HBT process from Teledyne Technologies (Thousand Oaks, CA, USA). The dipole antennas are fabricated in M3 and the microstrip signal line in M1, under the M3 ground plane. The transition substrate is mounted on the metallic pedestal using a conductive epoxy inside the WR-03 rectangular waveguide, which consists of two split-metallic blocks, as shown in Figure 9b . The size of the module is 3.0 cm × 3.0 cm × 3.0 cm. In order to estimate the loss of the rectangular waveguide itself at H-band, a 3 cmlong straight (through) waveguide was also fabricated and measured. The S-parameters of the fabricated transition were measured using the set up shown in Figure  10 , where the H-band frequency extender modules, having WR-03 waveguide flanges, are connected to the vector network analyzer. The fabricated transition module is inserted between the waveguide ports of the extender modules. Prior to measuring the fabricated transition, the calibration was performed by using the WR-03 through-reflect-line calibration standards. Figure 11b ,c shows the measurement results of the fabricated back-to-back transition, where insertion loss is less than 4.9 dB and return loss is greater than 12 dB, between 235 GHz and 312 GHz. The measurement shows good agreement with the simulation. The small discrepancy seems to be caused by the errors in the fabrication process, such as the substrate attachment and the waveguide machining. Note that there is no in-band resonance as expected by the simulation. Figure 11b also includes the compensated insertion loss, which is obtained by subtracting the measured insertion loss of the 3 cm-long straight waveguide. The compensated insertion loss is 3.2 dB at 300 GHz. A 352 μm-long 50 Ω microstrip line in the middle of two transitions exhibits a 0.95 dB loss from EM simulation. Thus, the insertion loss per transition can be estimated to be as low as 1.1 dB at 300 GHz, which is low enough to be used for packaging TMICs. In summary, the designed InP on-chip transition using dipole antenna with an integrated balun presents low insertion loss and good return loss over a wide bandwidth at H-band, due to the proposed technique of removing in-band resonances. The S-parameters of the fabricated transition were measured using the set up shown in Figure 10 , where the H-band frequency extender modules, having WR-03 waveguide flanges, are connected to the vector network analyzer. The fabricated transition module is inserted between the waveguide ports of the extender modules. Prior to measuring the fabricated transition, the calibration was performed by using the WR-03 through-reflect-line calibration standards. The S-parameters of the fabricated transition were measured using the set up shown in Figure  10 , where the H-band frequency extender modules, having WR-03 waveguide flanges, are connected to the vector network analyzer. The fabricated transition module is inserted between the waveguide ports of the extender modules. Prior to measuring the fabricated transition, the calibration was performed by using the WR-03 through-reflect-line calibration standards. Figure 11b ,c shows the measurement results of the fabricated back-to-back transition, where insertion loss is less than 4.9 dB and return loss is greater than 12 dB, between 235 GHz and 312 GHz. The measurement shows good agreement with the simulation. The small discrepancy seems to be caused by the errors in the fabrication process, such as the substrate attachment and the waveguide machining. Note that there is no in-band resonance as expected by the simulation. Figure 11b also includes the compensated insertion loss, which is obtained by subtracting the measured insertion loss of the 3 cm-long straight waveguide. The compensated insertion loss is 3.2 dB at 300 GHz. A 352 μm-long 50 Ω microstrip line in the middle of two transitions exhibits a 0.95 dB loss from EM simulation. Thus, the insertion loss per transition can be estimated to be as low as 1.1 dB at 300 GHz, which is low enough to be used for packaging TMICs. In summary, the designed InP on-chip transition using dipole antenna with an integrated balun presents low insertion loss and good return loss over a wide bandwidth at H-band, Figure 11a shows the measured results of the fabricated 3 cm-long straight waveguide. It exhibits an insertion loss of 1.0-1.6 dB and return loss greater than 20 dB at full H-band. Figure 11b ,c shows the measurement results of the fabricated back-to-back transition, where insertion loss is less than 4.9 dB and return loss is greater than 12 dB, between 235 GHz and 312 GHz. The measurement shows good agreement with the simulation. The small discrepancy seems to be caused by the errors in the fabrication process, such as the substrate attachment and the waveguide machining. Note that there is no in-band resonance as expected by the simulation. Figure 11b also includes the compensated insertion loss, which is obtained by subtracting the measured insertion loss of the 3 cm-long straight waveguide. The compensated insertion loss is 3.2 dB at 300 GHz. A 352 µm-long 50 Ω microstrip line in the middle of two transitions exhibits a 0.95 dB loss from EM simulation. Thus, the insertion loss per transition can be estimated to be as low as 1.1 dB at 300 GHz, which is low enough to be used for packaging TMICs. In summary, the designed InP on-chip transition using dipole antenna with an integrated balun presents low insertion loss and good return loss over a wide bandwidth at H-band, due to the proposed technique of removing in-band resonances. 
Conclusions
In this paper, the InP on-chip transition operating H-band frequencies (220-320 GHz), was proposed using the dipole antenna with integrated balun. Its structure was designed to provide wideband impedance match and low insertion loss using a 3-D EM simulator. In-band resonance problems were also investigated within the thick InP substrate with high dielectric constant. The simulation and measurement show that these resonances can be removed out of H-band by properly locating several backside vias. The final design of the back-to-back transition showed good wideband impedance match and low loss at H-band. Therefore, it can be effectively integrated on TMICs, such as power amplifiers, low noise amplifiers, oscillators, mixers, and so on, which will allow high performance, low-cost, compact, and reproducible THz modules.
